Abstract: This paper presents the equilibrium and thermodynamic parameters of the adsorption of stearic acid on Celtek clay as a function of temperature. It was found that the adsorption of stearic acid on Celtek clay decreased with increasing temperature from 293 to 313 K. The equilibrium modelled data fitted well with the linear forms of both the Langmuir and the Freundlich models (R 2 = 0.99 in both cases). The R L and 1/n values determined from the isotherm models proved that Celtek clay is a suitable adsorbent for stearic acid. The Dubinin-Radushkevich (D-R) isotherm was applied to describe the nature of the adsorption of stearic acid on Celtek clay and it was found that the adsorption occurred physically. Thermodynamic parameters of adsorption, such as Gibbs free energy change (DG 0 ), enthalpy change (DH 0 ) and enthropy change (DS 0 ) were also calculated. These parameters showed that the adsorption of stearic acid on Celtek clay was feasible, spontaneous, and exothermic in nature. On the basis of the results, it can be concluded that Celtek clay has considerable potential for the removal of stearic acid from the main sources, such as raw and edible soybean, sunflower and olive oils.
INTRODUCTION
Fatty acids are videly used in the pharmaceutical and food industry. Many drugs and foods contain fatty acids and they are often subjected to thermal treatment during processing and storage. Free fatty acids from common vegetable and animal oils are normally resulted from the scission of the ester bonds of triglycerides during the industrial refining process. The adsorption method can be used for the bleaching of the oils, which can increase the content of stearic acid. 1 The number of papers on the adsorption of fatty acids is limited in the literature. Proctor and Palaniappan 2 investigated the ability of rice husk ash (RHA) to adsorb free fatty acid from soy oil. Adam and Saleh 3 reported that the adsorption of fatty acids on RHA took place physically, and suggested that the adsorbed fatty acids could easily be recovered from the surface of RHA using acetone. Adam and Chua 4 studied the adsorption of palmitic acid on RHA modified with Al(III) ions using the sol-gel technique and the Langmuir adsorption model was applied to the experimental results. Topallar and Bayrak 5 examined the adsorption isotherms of myristic, palmitic, and stearic acid on RHA and indicated that the adsorptions of the fatty acids followed Langmuir isotherm. These studies proved that the adsorption of a free saturated fatty acid using a proper adsorbent is important for its removal from the main sources, such as raw and edible soybean, sunflower and olive oils.
Clay is a natural, earthy, fine-grained material composed largely of a group of minerals. Clays have been used for thousands of years and they still keep their position as very important industrial materials. 6, 7 Clays have also been used for chemical studies for various purposes, including the adsorption of various organic, inorganic substances, radioactive specimens and heavy metals. [8] [9] [10] [11] Celtek clay was chosen as the adsorbent material in this study. The clay was collected from the Celtek Town of Amasya City in Turkey. This material has commonly been used as an industrial raw material for the construction of ceramics and bricks in the middle Anotalia-Turkey. According to our literature survey, Celtek clay has not been used as an adsorbent for organic substances from various samples.
The aim of this work was to investigate the equilibrium and thermodynamic parameters of the adsorption of stearic acid on Celtek clay as a function of temperature and determine the type of the adsorption (physical or chemical).
EXPERIMENTAL

Preparation of the adsorbent material
Celtek clay was first dried and sieved through a 200-mesh sieve, then washed with distilled water several times to remove any dust and other water-soluble impurities. The washed sample was dried in an electric oven at 378 K for 24 h.
Materials and solutions
Stearic acid (98 % purity) was supplied by Merck. Sodium hydroxide (NaOH), potassium hydrogen phthalate (KHP), isooctane and propan-1-ol were obtained from Aldrich. Stearic acid (0.569 g) was dissolved in 1 L isooctane to prepare a 2.00´10 -3 mol/L stock solution. A NaOH solution (0.005 mol/L) was prepared and standardized by titrating with KNP and then diluted to 0.0025 mol/L with deionized water.
Instrumentation
The chemical and mineral composition of dry Celtek clay was determined by X-ray powder diffractometry (XRD; Rigaku D-Max 2200 model). The dry adsorbent sample was also characterized by Fourier Transform Infrared (FT-IR) spectroscopy (Jasco model 430 instrument) and scanning electron microscopy (SEM; Jeol model 6400). The specific surface analysis was determined using a surface analyzer (Quantachromosorb) and the Brunaeur-Emmett-Teller (BET) method.
Adsorption procedure
Samples of Celtek clay (predried at 378K for 24 h and desiccated) of 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7 and 0.8 g were weighed with the accuracy of ±0.1 mg and transferred to 50 mL conical flasks with glass stoppers. The stock solution of stearic acid (20 mL) was pipetted into each conical flask.
The samples were shaken for 120 min using a mechanical shaker combined with a temperature controller (Arex, Velp Scientifica) at 298 K and 100 rpm shaking speed. Subsequently, all samples were equilibrated at this temperature in a thermostated water bath (Lauda; KG. D-6970 model) for another 60 min until all the adsorbent had settled on the bottom of the flask. After the 3-hour adsorption period, 5 mL of the supernatant was pipetted into 10 mL neutralized propan-1-ol and titrated with 0.0025 mol/L NaOH. The titration was repeated in triplicate and the mean titrant volume was recorded. In addition, a blank titration of 5 mL of untreated stock stearic acid solution was carried out. In order to determine the adsorption properties at different temperatures, the above experiments were repeated at 293, 298, 303, 308 and 313 K.
RESULTS AND DISCUSSION
Characterization of Celtek clay
The chemical and mineral compositions of Celtek clay obtained by XRD analysis are given in Table I . Its specific surface area was found to be 69.0 m 2 /g by the BET method. The microstructure of the clay was investigated by SEM analysis and the micrographs obtained at 350 and 1500 magnifications are given in Fig. 1a and The Celtek clay was also characterized by FT-IR spectroscopy at room temperature (Fig. 2) . The broad bands at 3417, 3621, and 3696 cm -1 are due to the O-H stretching vibration of the silanol (Si-OH) groups and the HO-H vibration of water molecules adsorbed on the silica surface. The strong band observed at 1029 cm -1 represents the Si-O-Si groups of the tetrahedral sheet, and the bands observed at 796, and 694 cm -1 are due to the deformation and bending modes of the Si-O bonds.
Adsorption isotherms
Adsorption equilibrium data generally described by either the Langmuir or the Freundlich model. The Langmuir model represents one of the first theoretical treatments of non-linear sorption and suggests that the uptake occurs on a homogenous surface by monolayer sorption without interaction between the adsorbed molecules. Moreover, the model assumes uniform energies of sorption onto the surface and no transmigration of the adsorbate. The experimental data were fitted to the linear form the of Langmuir model, expressed by the following equation 
where, C e (mg/L) is the amount of adsorbate in the solution at equilibrium and q e (mg/g) is the amount of adsorbate adsorbed onto the adsorbent. q m (mg/g) and K L (L/mg) are Langmuir constants related to the adsorption capacity and the energy of adsorption, respectively. These constants can be determined from the slope and the intercept of the linear plot of C e /q e versus C e . Based on further analysis of the Langmuir equation, the dimensionless parameter of the equilibrium or the adsorption intensity (R L ) can be expressed by: 
where, C 0 (mg/L) is the initial amount of adsorbate. The R L parameter is considered as a reliable indicator of the adsorption. There are four probabilities for the value of R L : (i) for favorable adsorption, 0<R L <1, (ii) for unfavorable adsorption, R L > 1, (iii) for linear adsorption, R L =1, (iv) for irreversible adsorption, R L = 0. 4, 5, 13, 14 The Freundlich model proposes a monolayer sorption with a heterogeneous energetic distribution of active sites, accompanied by interactions between the adsorbed molecules. The linear form of the Freundlich model is given by the following equation: 15 log q e = log
where, 1/n and K F can be determined from the slope and the intercept of the linear plot of log q e versus log C e , respectively.
The linear plots of Langmuir and Freundlich isotherms obtained for the temperatures of 293, 298, 303, 308 and 313 K are shown in Figs. 3 and 4 , respectively and the results are given in Table II . The adsorption pattern for stearic acid adsorption onto Celtek clay is fitted well with the linear Langmuir and Freundlich models at the examined temperatures, as can be seen by the high coefficient of determination (R 2 = 0.99 for both models). The values of the Langmuir constants q m and K L decreased from 26.7 to 21.3 mg/g and 0.14 to 0.08 L/mg with increasing temperature. The adsorption intensity (R L ) ranged from 0.39-0.50 at the studied temperatures, suggesting that Celtek clay is a suitable adsorbent for the adsorption of stearic acid.
On the other hand, the adsorption capacity (K F ) and the adsorption intensity (n) decreased from 4.92 to 1.41 mg/g and from 1.90 to 1.41, respectively, with in- creasing temperature, which indicates that the adsorption of stearic acid on Celtek clay is exothermic in nature and less favorable at higher temperatures. The adsorption equilibrium data were also modelled by the D-R model to determine the type of adsorption (physical or chemical). 14, 18, 19 The linear presentation of this model is expressed by the following equation:
where, q e and X m are the equilibrium concentration (mol/L) and the monolayer capacity (mol/g), respectively. b is the constant of the sorption energy (mol 2 /J 2 ), which is related to the average energy of sorption per mole of the sorbate as it is transferred to the surface of the solid from an infinite distance in the solution. The Polanyi potential, e is described as:
As can be seen from Fig. 5 , b and X m can be obtained from the slope and the intercept of the plot of ln q e versus e 02 . The mean energy of sorption (E, kJ/mol) can be calculated using Eq. (6): The D-R parameters and mean sorption energy were calculated for different temperatures by examination of the plots in Fig. 5 , and the results are given in Table III. The monolayer sorption capacity (X m ) was between 8.3´10 -3 and 11.21 0 -3 mol/g and the mean sorption energy (E) was between 7.54 and 7.96 kJ/mol in the temperature range of 293-313 K. The magnitude of E is in the range 1-8 kJ/mol and 9-16 kJ/mol for physical and chemical adsorption, respectively. 14, 19 The E values were found in the range of 1-8 kJ/mol, indicating that the adsorption of stearic acid on Celtek clay is essentially physical.
Thermodynamic parameters
The Gibbs free energy change of adsorption (DG 0 ) is calculated using the following equation
where, R is the gas constant and T is the temperature in Kelvin. K 0 is the thermodynamic equilibrium constant of the adsorption process determined by plotting ln (q e /C e ) versus C e and extrapolating to zero C e 4,16,17 as shown in Fig. 6 . The other thermodynamic parameters, the enthalpy change (DH 0 ) and the entropy change (DS 0 ), were calculated from the slope and intercept of the plot of ln K 0 against 1/T, respectively, according to Eq. (8) 4, 14, 18, 19 and shown in Fig. 7 :
The thermodynamic parameters of the adsorption of stearic acid on Celtek clay at the examined temperatures are presented in Table IV . The Gibbs free energy change of adsorption (DG 0 ) was found to be in the range of -2.6 and -0.7 kJ/mol, as the temperature changed between 293 and 313 K. These results indicated that the adsorption of stearic acid on Celtek clay is feasible and spontaneous. DH 0 and DS 0 were found as -30.4 kJ/mol and -94.4 J/mol K, respectively. The negative value of DH 0 confirmed that the adsorption of stearic acid on Celtek clay is an exothermic process. These results are contrary to the data given in the literature. 4, 5 This can be due to the energy released after the adsorption being higher than that needed to extract the solvent molecules from the pores of Celtek clay. The negative value of DS 0 suggests that the randomness in solid/solution interface decreased during the adsorption. cally. In addition, the thermodynamic parameters (DG 0 , DH 0 , and DS 0 ) determined with respect to the temperature variation indicate that the adsorption of stearic acid on Celtek clay is feasible, spontaneous and exothermic in nature.
On the basis of the results, it is concluded that Celtek clay can be used as an adsorbent to remove stearic acid from the main sources, such as raw edible soybean, sunflower and olive oils.
